Epigenetic reprogramming of germ cells involves the genome-wide erasure and subsequent reestablishment of DNA methylation, along with reprogramming of histone modification profiles and the eventual incorporation of histone variants. These linked processes appear to be key for the establishment of the correct epigenetic regulation of this cell lineage. Mouse studies indicate that DNA demethylation may be initiated at E (embryonic day) 8 with rapid and substantial erasure occurring between E11.5 and E12.5. This is accompanied by a reduction in H3K9 dimethylation and an increase in H3K27 trimethylation. DNA remethylation subsequently occurs in late gestation in male germ cells and postnatally in female germ cells. This reprogramming occurs throughout the genome, with the exception of specific sequences. The conservation of this process across species remains largely undetermined, and, with recent discoveries of new DNA modifications, there is still much to be explored.
located within the context of a CpG dinucleotide, forming 5mC (5-methylcytosine) [3] . Whereas CpG dinucleotides are typically methylated, regions of high CpG density, often located in promoter regions, remain predominantly unmodified. Methylation may inhibit directly the interaction of chromatin with transcriptional elements [4] , or recruit MBDs (methyl-CpG-binding domain proteins) which in turn can facilitate the interaction of histone modifying and remodelling complexes with chromatin [5] . This promotes the compaction of chromatin, and transcriptional inhibition in the context of imprinted genes, TEs (transposable elements), tissue-specific gene expression and the silencing of the second female X-chromosome in mammalian somatic cells [6] [7] [8] .
De novo and maintenance methylation is catalysed by the DNMT (DNA methyltransferase) enzyme family. DNMT1 is the predominant form associated with maintaining DNA methylation; loss of DNMT1 is associated with a marked reduction in DNA methylation and embryonic lethality [9] , and deficiency results in dysregulation of imprinted gene expression and of germline genome defence genes [8, 10] . Although there is a global reduction in DNA methylation during mammalian pre-implantation development, there is The conversion of unmodified cytosine into 5mC occurs as a consequence of the addition of a methyl group to the 5 -position of cytosine within the context of a CpG dinucleotide by DNMTs. One potential mechanism for DNA demethylation implicates conversion of 5mC into 5hmC by the 2-oxoglutarate (α-ketoglutarate)-dependent TET enzyme family. This may be followed by further TET-mediated conversion into 5fC and 5caC. These modifications may be targets for TDG-coupled BER, yielding unmodified cytosine. also a requirement to maintain the differential methylation patterns of imprinted genes. One allele is unmethylated, whereas the opposite parental allele is methylated at specific regulatory regions, having inherited this pattern from the parental gamete. In mice, DNMT1 and its alternative isoform, DNMT1o, are specifically involved in the maintenance of these imprints [11, 12] .
De novo DNA methyltransferases DNMT3a and DNMT3b are both active in the male and female germlines of mice at the time when remethylation occurs. Loss of DNMT3a function in fetal germ cells disrupts paternal and maternal imprinting and de novo methylation by DNMT3a during the oocyte growth stage is required for maternal imprinting. Conditional knockout of Dnmt3b does not cause major defects in imprinting or germ cell function in males or females [13] , even though Dnmt3b is required to methylate satellite repeats in germ cells [14] and plays a role alongside Dnmt3a in methylating some imprinted genes and IAP (intracisternal A-particle) and LINE (long interspersed element) retrotransposons [14] . Although DNMT3L is catalytically inactive, it can stimulate the activity of DNMT3a and DNMT3b for de novo methylation at imprinted genes and also enhance de novo methylation of repetitive elements in germ cells [14] [15] [16] .
Recent evidence suggests one possible mechanism for the erasure of DNA methylation during germ cell development may involve the TET (ten-eleven translocation) dioxygenase enzyme family [17, 18] , which can oxidize 5mC ( Figure 1 ) to 5hmC (5-hydroxymethylcytosine), a stable mark with widespread tissue distribution [19] . 5hmC is found in gene bodies and additionally, in contrast with 5mC, is enriched at a small proportion of CpG-rich transcription start sites in ES (embryonic stem) cells, along with activating histone marks [19] [20] [21] . Declining levels of TETs during differentiation are associated with decreased 5hmC at ES cell-specific gene promoters, alongside increased 5mC and gene silencing [21] . Two further 5mC oxidation products have been described: 5fC (5-formylcytosine) and 5caC (5-carboxylcytosine), which can be generated from 5hmC by further TET enzyme conversion [22] . These modifications may be targets for DNA glycosylases and the BER (base excision repair) pathway [23, 24] leading to their replacement by unmodified cytosine, or may form part of another, as yet unidentified, demethylation process ( Figure 1) . A recent study indicates that 5fC and 5caC levels gradually decrease with increasing numbers of cell division in the mouse zygote, rather than exhibiting the rapid removal that might be expected if they existed solely as part of a demethylation mechanism [24] . This suggests that they may have a functional role in chromatin remodelling, at least during pre-implantation development, and, in support of this, the presence of 5fC correlates with transcriptional activity in ES cells [25] .
Oxidation of 5hmC to 5fC or 5caC may provide suitable substrates for demethylation to non-modified cytosine via TDG (thymine DNA glycosylase)-coupled BER [22] [23] [24] . Although MBD4 and TDG could potentially remove 5-hydroxymethyluracil resulting from the deamination of 5hmC, recent data suggest that AID (activation-induced deaminase)/APOBEC (apolipoprotein B editing complex) cytosine deaminases (which might mediate this deamination step) have substantially reduced activity towards 5hmC-containing templates compared with 5mC-containing counterparts [26, 27] . Although AID-deficient PGCs (primordial germ cells) have substantially impaired demethylation [28, 29] , this process still occurs, albeit in an impeded manner, in AID-deficient mice, indicating that the contribution of the AID/TDG pathway has yet to be resolved.
The gradual disappearance of 5hmC, 5fC and 5caC in preimplantation embryos indicates that DNA methylation may be removed in part by a replication-dependent passive loss mechanism [24, 30] . Indeed, DNMT1 does not recognize, and therefore cannot maintain, 5hmC in DNA [31] . It is possible that the rapid removal of 5mC during epigenetic reprogramming corresponds to active conversion into 5hmC and then subsequent passive loss of 5hmC and its derivatives [32, 33] . As many of the techniques used to study 5mC levels, such as methyl-specific restriction digest and bisulfite sequencing, do not distinguish between different forms of DNA modification [34] , early reports of active demethylation need to be revisited [32, 33] .
Erasing methylation in the germline
The germline-specific erasure of DNA methylation during embryogenesis has been characterized in the mouse. PGCs are first identified around E (embryonic day) 7 [35] , and migrate into the genital ridges by E11.5 [36] . Replication is completed by E13.5, at which point female germ cells enter meiotic prophase as primary oocytes, whereas male germ cells undergo mitotic arrest [2] . As noted previously, 5mC plays an important role in maintaining stable gene silencing and repression of TEs, which can potentially be activated during PGC development. Using an epigenetic disruption and recovery screen and genetic analyses, a core set of germline-specific genes has been identified that are dependent exclusively on promoter DNA methylation for their initiation and maintenance of developmental silencing [8] . These gene promoters do not acquire any of the repressive H3K27me3 (me3 indicates trimethylation), H3K9me2 (me2 indicates dimethylation), H3K9me3 or H4K20me3 histone modifications, but are only silenced by DNA methylation in somatic cells. Germline-defence genes, such as Tex19.1 and Mili are then activated by lineage-specific promoter demethylation during global epigenetic reprogramming events in PGCs [8] . It is suggested that these genes are developmentally regulated by promoter DNA methylation as a sensory mechanism that is coupled to the potential for transposon activation during global 5mC erasure.
Many studies examining the methylation status of specific genes indicate that following migration into the genital ridge, PCGs exhibit DNA demethylation, despite the continuing presence of DNMT1 [1] (Figure 2 ). This demethylation occurs simultaneously in both males and females at the majority of loci which have been studied, although XXderived embryonic germ cell lines exhibit less methylation than their XY counterparts [37] . This heterogeneity may reflect the changes in DNA methylation taking place in the germ cell lineage soon after specification [37] . Characteristically, this demethylation is thought to occur rapidly, between E11.5 and E12.5 [1, 38] at the majority of genes, although some data indicate that this demethylation may occur at some loci before E11.5, possibly while PGCs are still in transit to the genital ridge [8, [38] [39] [40] . Thus DNA demethylation may be initiated at some genes as early as E8, and at the majority of loci at E9.5, with rapid demethylation occurring from E11.5 [8, 41, 42] . Very recent data suggest that the erasure of CpG methylation in PGCs might occur as a consequence of passive demethylation during migration and through conversion into 5hmC as a consequence of TET1 and TET2 activity [43, 44] . Additional mechanisms that involve AID-mediated deamination of 5mC and/or BER may also be operating at some genomic loci [29] .
During PGC migration, DNA methylation patterns are comprehensively erased such that by E13.5, the overall methylation level is reduced by more than 90 % [33] . Although demethylation occurs across the majority of the genome, there are some notable exceptions, for example retrotransposons of the IAP class which remain highly methylated [29, 41] , although there is some demethylation at these loci which is greater in female germ cells [45] . Retained methylation in these regions may serve to prevent IAP retrotransposition, potentially protecting against epimutations [46] . The expression of repetitive elements does not consistently show an inverse correlation to DNA methylation and additional mechanisms other than DNA methylation are in place to regulate LINE-1 expression [44] . Analysis of retrotransposon silencing in mutant cell backgrounds suggests that multiple repressive mechanisms are independently targeted to retrotransposons in germ cells and ES cells. In addition to DNA methylation, Eset-mediated histone modification and Ring1B/Eed-containing polycomb repressive complexes contribute to the maintenance of genome integrity by targeting specific retrotransposon families and subfamilies in mouse ES cells [47] .
DNA methylation erasure occurs in parallel with alterations in histone regulation. Germ cell levels of H3K9me2, associated with transcriptional repression, are significantly reduced around E8 in immunohistochemical studies. Conversely, the levels of H3K27me3, also associated with gene silencing, are increased between E8.5 and E9, and retained until at least E12.5 [42] . The levels of two histone modifications associated with transcriptional activation, H3K4 methylation and H3K9 acetylation, are increased as germ cells enter the genital ridge [42] . The loss of H3K9me2 may result from a decrease in the methyltransferase GLP (G9a-like protein), involved in H3K9 dimethylation [43, 48, 49] . The mechanism for the H3K27me3 increase remains unknown, but may involve reduced expression of histone demethylase enzymes. The reciprocal relationship between these modifications may function to maintain gene and global repression patterns during epigenetic reprogramming in a changing landscape [43] .
Re-establishing methylation in the germline
The re-establishment of DNA methylation in the germ cells has been characterized much less extensively. In mice, methylation is reported to increase from E15.5 in male germ cells at specific imprinted loci and in repetitive elements, and this may be further augmented perinatally [39, 45, 50] . Despite variability at the time points analysed, studies indicate that de novo methylation is at least initiated prenatally in males [39, 45, 50, 51] (Figure 2) . Conversely, in females, results indicate that remethylation of repetitive elements [45] and imprinted genes [52, 53] occurs postnatally. Intriguingly, remethylation may also occur in a parent-oforigin-dependent manner. At the H19 gene in the male germline, remethylation of the paternal allele is completed in fetal life, whereas the maternal copy is remethylated postnatally [51] . Thus the parental origin of unmethylated alleles can still be identified by an as yet unidentified mechanism, that may involve binding of ZFP57 (zinc-finger protein 57 homologue) [54] .
The establishment of imprints is linked to the expression of the DNMT3 family in both male and female germlines [55] . Thus DNMT3a and DNMT3L have the greatest expression prenatally in male germ cells and DNMT3L deficiency impedes DNA remethylation in the male germline, where it is required for the remethylation of TEs [56, 57] . Although there is a postnatal increase in DNMT3b in both sexes, this occurs at very different stages of gametogenesis in males and females [58] . DNMT3a, DNMT3b and DNMT3L accumulate in the postnatal oocyte during imprint establishment [55] , and oocytes lacking DNMT3L show aberrant methylation of imprinted genes, but normal remethylation of IAP and LINE-1 elements. The accumulation of DNMT1o, which is specific to the oocyte, during the establishment of imprints in female germ cells highlights further the importance of sexspecific mechanisms [55] .
Relevance of understanding
Epigenetic reprogramming is clearly key to ensuring that the correct epigenetic marks are established in the germline, and thus transmitted to future generations [29] . The correct regulation of this process may also prevent de novo epimutations from arising; for example, the maintenance of IAP methylation during the reprogramming phase may serve to prevent their undirected activation and relocation [46] . It is not known to what extent germline reprogramming operates in other species, including humans. Limited research indicates that, for example, porcine epigenetic reprogramming follows the same dynamics as in mice, although the phase of demethylation occurs over a period of 20 days [59] . For obvious reasons, there are fewer published studies in humans, although existing data suggest that, in male fetal germ cells, DNA is hypomethylated in mid-gestation and that 5mC levels increase from approximately 20 weeks to term [60, 61] . Consistent with the data in mice, 5mC levels remain low in female germ cells both pre-and post-natally [61] . Thus, even if the process and mechanism of epigenetic reprogramming is conserved between species, a difference in the length of gestation necessitates that the time points of these key epigenetic events will differ. This is particularly relevant when considering the medical implications for humans, when the period of reprogramming and therefore susceptibility to any environmental disruption, may be much longer than in mice. Disruption of this process could be detrimental to the organism and to the following generation. Indeed, abnormal methylation, which could potentially result from abnormal imprint establishment during epigenetic reprogramming of fetal germ cells has been identified at imprinted genes in the sperm of infertile men [62, 63] .
Conclusions
Epigenetic reprogramming is a crucial process promoting the re-establishment of the correct epigenetic state for the next generation. Mouse studies have demonstrated a bulk erasure of DNA methylation between E11.5 and E12.5, occurring across the majority of the genome, accompanied by alterations in histone modifications. Epigenetic marks are then re-established in late gestation in males, and postnatally in females. The implication of these studies for other species is largely unknown, and the involvement of the more recently identified 5hmC, 5fC and 5caC methyl forms has yet to be explored. Such studies might give a broader understanding of the process of epigenetic reprogramming, and how disruption of this process may be associated with infertility and the transmission of disease to future generations.
